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ABSTRACT (Maximum 200 words)
This report covers a laboratory investigation of six air-entraining admixtures (AEA) to determine whether adequate frost resistance could be achieved in concrete with a water-cement ratio not exceeding 0.50 and air content less than the minimum value currently recommended by the American Concrete Institute. Concrete mixtures were proportioned and tested for resistance to freezing and thawing according to the provisions of American Society for Testing and Materials (ASTM) C 266, Procedure A as required by ASTM C 233.
Durability factors were determined according to the provisions of ASTM C 666. Values for spacing factors and specific surfaces of the air-void systems were measured according to the provisions of ASTM C 457.
When different AEA's were tested, the results indicated a significant difference in the frost resistance of concretes having the same air content. The AEA's with high air content provided adequate frost resistance; oni AEA with medium air content provided adequate frost resistance; and none cf (Continued therefore an important factor in the resistance of concrete to frost damage.
The shorter the flow path distance from a water-filled pore to a void, the more likely it is that the expelled water will reach an accommodating air void and relieve the pressure.
2. A proper air-void system will provide protection against frost damage to the paste portion of the concrete. Klieger (1956) found that a volume of air voids equal to 9 percent of the volume of the mortar provided adequate protection. Equally important is the distribution of the air voids throughout the paste. A spacing factor, which is the average maximum distance from any point in the paste to an air void, not exceeding 0.008 in.
(0.2 mm),* has provided adequate frost protection.
3. The size of air voids depends largely upon the type of airentraining admixture (AEA) used and is expressed in terms of specific surface (square inch/cubic inch or square millimetre/cubic millimetre). The specific surface of voids in properly air-entrained concrete is typically in the range of 400 to 600 sq in./cu in. (16 to 24 sq mm/cu mm) but can be higher. The specific surface tends to increase with an increase in cement content for a A given air content (Powers 1954) . Also, at a given air content, a higher specific surface should result in a smaller spacing factor (Mindess and Young 1981) . Therefore, if a particular AEA produced smaller stable bubbles, it could be possible to have the necessary spacing factor at a lower total air content. (ASTM 1989) , except that the air content was specified as 2.5, 3.5, and 6.0 percent, t 0.5 percent, for the low, medium, and high air contents,
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respectively, and the slump requirement was 2-1/2 in. ± 1/2 in. (64 mm ± 13 mm). As the air content increased, less water was required to meet the slump requirement due to the workability imparted by the entrained air. Since the cement content remained constant, the water-cement ratios (w/c) ranged from 0.50 for the mixtures having low air content to approximately 0.44 for the mixtures having high air content. Tests of resistance to freezing-andthawing were performed, and the spacing factors and specific surfaces were determined. Freezing-and-thawing tests were initiated after the concretes had attained a value of compressive strength of at least 3,500 psi (24.1 MPa).
The AEA's were not tested for full compliance with ASTM C 260, "Standard Specification for Air-Entraining Admixtures for Concrete" (ASTM 1989) , since this study was concerned only with the frost resistance of concrete at a selected air content. Table 1 . At a higher air content, each of the AEA's provided water reduction beyond that of the NVR as evidenced by the lower water content and lower w/c. AEA Brand A provided more water reduction than did the others.
9. Concrete mixtures were also proportioned having a higher w/c for the AEA which provided the best frost protection. Since resistance to freezing and thading might be reduced by the higher w/c, the AEA was tested only at 
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-8 medium and high air contents. These mixtures had a cement content less than that specified in ASTM C 233 (ASTM 1989) , but the slump was maintained at 2-1/2 in. ± 1/2 in. (64 mm ± 13 mm). The mixture proportions are given in Table 2 . Table 3 . Table 3 Test Matrix 
Test Procedures

10.
AEA Air Content No. of Batches NVR Low (L) 3 NVR Medium (M) 3 NVR High (H) 3 A L 6 A M 6 A H 3 B L 3 B M 3 B H 3 C L 3 C M 3 C H 3 D L 3 D M 3 D H 3 E L 3 E M 3 E H 3 CON* L 3 A** M 3 A*
11.
The cylindrical specimens were tested for compressive strength (ASTM C 39) (ASTM 1989) at 14 and 28 days age. All mixtures had compressive strengths greater than 3,500 psi at 14 days age.
Tests for resistance to freezing and thawing were initiated on the prisms at 14 days age in accordance 12.
Tests for determination of air content and spacing factors of hardened concrete were conducted on representative beams from each group in accordance with ASTM 457 (ASTM 1989) . All test results are given in Table 4 .
Discussion
General 13. The criterion used by the Corps of Engineers for acceptability of an AEA is found in ASTM C 260 (ASTM 1989) . The AEA must be capable of producing an air-void system that will render the paste in the concrete adequately resistant to freezing and thawing. This criterion requires that the relative durability factor of the concrete containing the admixture under test shall be not less than 80; that is, the durability factor of concrete made with the admixture under test shall be at least 80 percent of the durability factor of concrete made with the reference admixture. The reference concrete is that made with NVR and having the high air content. 14. ACI 211.1 (ACI 1991) recommends, in Table 6 Spacing factor and specific surface 20. It is obvious from the results presented above that some differences exist in the performance of various AEA's. A review of the spacing factors and specific surfaces reveals some factors that might ex lain why Brand A provided better frost protection.
21.
The data indicate that the durability factor is linearly related, with good correlation coefficients, to both spacing factor and specific surface, as shown in Figures 2 and 3 , respectively. The spacing factor also appears to be linearly related to specific surface (Figure 4 ). These data indicate that for concrete having a given durability factor, Brand A produces an air-void system having both a smaller spacing factor and a higher specific surface than any of the other AEA's. It is significant that these smaller spacing factors and higher specific surfaces were produced at lower air contents. A plot of mortar air content versus spacing factor ( Figure 5) indicates that when NVR, Brand B and Brand E were used, an additional 1 to 2 percent air in the mortar was necessary to produce a spacing factor equivalent to that produced by Brand A. Spacing factors were generally 20 to 30 percent smaller for Brand A than for NVR, with the greatest advantage being at the medium air content. The data also indicate that a spacing factor of 0.008 in. (0.2 mm) was achieved with a mortar air content of less than 9 percent. Figure 4 indicate that the specific surface was approximately 100 sq in./cu in. higher for Brands A, B, and E than for NVR at a spacing factor of 0.008 in. A plot of mortar air content versus specific surface ( Figure 6 ) indicates that when NVR, Brand B, and Brand E were used, the specific surfaces were from 200 to 400 sq in./cu in. less than those produced with Brand A when the mortar air contents were between 5 and 11 percent. The most notable increases were at the medium and high air contents where the specific surfaces were 60 and 50 percent greater than those produced by the NVR. In fact, it appears from the data presented in Figure 6 that within the range of normal air content, the other AEA's may never produce specific surfaces as high as Brand A.
The data presented in
23. There was good correlation, using the equation Y -A (log (X)) 2 + B log (X) + C between mortar air content and both spacing factor and specific surface (Figures 5 and 6 ). Using the equations of these lines, as well as those in While there may be little significance in the exact form of these equations, it is significant that a very good correlation exists. It provides further evidence of the relationship between air content and frost resistance and that spacing factor and specific surface are the controlling parameters. should never assume that it will generate a proper air-void system. All AEA's should be tested for compliance with ASTM C 260 (ASTM 1989) prior to their approval for use, with particular attention to the requirement that, in the test for resistance to freezing and thawing, the relative durability factor be not less than 80.
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27.
If a high quality AEA such as Brand A is used, it should be acceptable to specify a minimum mortar air content of 6.0 percent. This translates to a total concrete air content of approximately 3.5 percent for 1-in. (25.0-mm) NMSA. This air content is lower than that currently recommended by ACI 111.1 (ACI 1991). However, prior to approval of such, the AEA in question should be tested according to ASTM C 233 (ASTM 1989) and shown to provide adequate frost protection at those air contents. Unless an AEA has proven capable of providing adequate frost protection at lower air content, current recommendations given in ACI 211.1 should be used for specifying air content.
28. An AEA such as Brand A could be more effective than NVR at producing a proper air-void system when used in combination with a high-range water-reducing admixtures (HRWR 
